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Features of propagation and absorption of electromagnetic signals
in periodic structures of conducting and dielectric layers
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Introduction

Existing THz-IR detectors can be divided into two
groups according to the principle of operation: photonic
and thermal ones [1-8]. In photon detectors, radiation
is absorbed inside the material by means of internal
photoelectric effect, i.e. direct interaction of photons with
charge carriers. Such detectors, in contrast to thermal ones,
have selective frequency sensitivity; they are characterized
by high-speed performance and high signal-to-noise ratio.
However, terahertz (THz) radiation is characterized by
low photon energy; therefore, photonic THz devices with
quantum transitions can operate only at low temperatures,
which is extremely inconvenient for practical use. The
principle of operation of thermal detectors is based on
the conversion of incident radiation into heat, followed by
the conversion of the heat flux into an electrical signal.
Thermal detectors include various microbolometers (metal-,
semiconductor ones). The advantages of such detectors are
the simplicity of design and the absence of the need for
cryogenic cooling, which significantly reduces the energy
consumption during operation and the cost of the devices.
The disadvantage of THz bolometric detectors is their low
sensitivity. In works [9-11], the possibility of increasing
the sensitivity of bolometric receivers for the cases of
quasi-monochromatic and broad-band THz radiation was
studied. As noted in [9], the bolometer efficiency can
be significantly increased if the dielectric layer, behind
the absorbing sensitive element is placed, which plays
the role of an electromagnetic resonator and ensures the
resonant electromagnetic transmission through conducting
layer with supercritical electron concentration [12, 13]. It
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was shown that such a resonant transition is accompanied
by effective absorption of the energy of an electromagnetic
wave in the conductive layer at the same frequency. The
possibility of increasing the spectral width of detection
by replacing one dielectric layer with a heterostructure of
a periodic sequence of conductive- and dielectric layers
was considered in [10,11] It was shown in [10,11], that
in such a heterostructure, similarly to the allowed bands
of photonic crystal, bands will be formed, within which
an increase in absorption is also possible. But, in con-
trast to photonic crystal, the transmission- and absorption
bands are formed differently in the heterostructure under
study.

In this work, the features associated with different
modes of transmission of electromagnetic signals through
a heterostructure depending on the ratio between the
frequency of detected radiation and the transport frequency
of scattering of charge carriers in conducting layers are
considered, and the possibility of creating both detectors
and filters of electromagnetic radiation in a wide frequency
range (from subterahertz to far IR) based on such structures
are discussed. The characteristic form of the structures stud-
ied below in the case of different numbers of conductive-
and non-conductive layers is shown in Fig. 1.

Problem formulation. Simulation of
electromagnetic wave propagation
in periodic heterostructure

The spatial structure of the electric field of a monochro-
matic wave with frequency w incident normally on a
spatially-nonhomogeneous medium with permittivity &, (z)
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Figure 1. Heterostructure of the sequence of N conductive and non-conductive layers based on doped and undoped gallium arsenide:

(@ N=1,(p)N=5.

(z directed normal to the surface) is described by the
Helmholtz equation for electric field strength E(z):

2 (1)2
Tl @ @R =0, 1)

where, according to [9-11], the permittivity can be submit-
ted in a form

&0, 0<z<a,

in dielectric layer,
wz - cuz
_ % Y
£, = € — sz T PR a<z<a+hb,
in conductive layer,

Eair, z>za+ b,
outside the periodic structure.

(2)
Here a and b are thicknesses of the dielectric and
conducting layers, respectively, &y is dielectric permittivity
of the undoped layer. In conductive layers for the
permittivity, we used the expression from the Drude
theory, wp = 47€°ne/m* is plasma frequency, determined
by the quantity ne (ne is concentration of n-type carriers),
m* is effective mass of n-type carriers, v is effective
(transport) collision frequency, & ~ 1 is permittivity of
air. In this case, it is further assumed that an perfect
reflecting surface in the plane z = 0 is located. It is known
that typical transport frequencies v of the most commonly
used semiconductors (GaAs, Ge, Si) range from §-10!!
to 3-102s~!  therefore, in the case of IR radiation,
the inequality v < w < wp is satisfied, while in the case
of subterahertz radiation, the reverse case w < v < wp.
As will be shown below, the problem has significantly
different solutions depending on the ratio between the
transport frequency v and the frequency of the propagating
radiation  (in this case, we assume that w, v < wp ).

For the IR frequency range, in the zeroth approximation
in the small parameter v/wp, the permittivity of the

2
. . [0}
conducting layer can be written as &, ~ & — —5. Then

w2

equation (1) can be rewritten in the form

2 a)z w2
ddEz(;) ?(80_ w_§>E(Z) =0. (3)

It’s plain to see that this equation is mathematically analo-
gous to the stationary Schrodinger equation for a particle of
mass m in potential V (z):

_n?dy(2)
2m dz?

+V(2)¥(2) = &¥(2), (4)

where 1(z) is the wave function of the stationary state
with energy &. Thus, from the point of view of quantum
mechanics, the presence of a dielectric layer (resonator)
located behind the conducting plasma coating is analogous
to the presence of a potential well located behind the
potential barrier.  Then the solution of equation (3),
which describes the penetration of an electromagnetic field
through the region with supercritical electron concentration,
can be interpreted in terms of analogy with quantum
mechanics as tunneling of particles through potential barrier.
In this case, if the frequency of the incident field coincides
with the frequency of the eigenmodes of the resonator, the
effect of resonant tunneling of the field through ,the plasma
barrier“will be observed, which will lead to effective filling
of the dielectric resonator with an electromagnetic field.

To calculate the absorption of field energy in the struc-
ture, it is necessary to take into account the presence of the
imaginary part of the permittivity:

2 iy
ewmeo—w—g—i—iw—p3. (5)

Below, layers of doped GaAs are considered as con-
ductors, and layers of undoped GaAs are considered as
dielectrics. In this case, the doping level is chosen so that
the frequency of the incident field is below the critical one,
and the penetration depth § is of the order of the thickness
of the conductive layer. For the case v < w < wp under
consideration, the penetration depth can be estimated from
the formula 6 ~ ¢/wp, which imposes a limitation on the
thickness of the doped semiconductor.
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Figure 2. Absorption 1 and filling factors F; » depending on the frequency of the incident radiation. Structure parameters: (a) dielectric
layer thickness a = 9.5um, conductive layer thickness b = 1 um, plasma frequency wp =3 - 10"s™!, transport frequency in GaAs
v =3.09-10%s7"; (h) a =2800um, b = 1um, wp = 7.6 - 102571, v =3.09 - 101251,

It is convenient to characterize the efficiency of electric
field penetration inside the dielectric resonator and ,,plasma
barrier by the filling factor [13] defined as

2
Fia(w) = max{ |I|E|i:<02|)2| }, (6)

where E; ;) — are the maximum values of the electric field
strength of the wave that has passed into the region of the
dielectric (conducting) layer of the wave, obtained from the
numerical solution of the Helmholtz equation (1), and Ey —
- strength of the electric field of the incident wave.
Another situation arises in low-frequency fields, when
w <V L wp In this case, the imaginary part of the
permittivity in the conducting layer becomes the main term,
2
and in the low-frequency approximation, &, = i 1% can be
written. The Helmholtz equation in the conducting layer
takes the form

d’E(z) . ww;
dz2 —+1 F E(Z) =0. (7)

It is obvious that in its structure this equation differs
greatly from equation (3) for the case of a high-frequency
field.  Therefore, it is natural to expect a different
character of electromagnetic wave propagation through the
heterostructure.

Simulation results. Formation of
electromagnetic wave transmission and
absorption zones in a periodic
heterostructure of doped and

undoped GaAs

Fig. 2,a shows the filling factors for the dielectric
layer F; and for the conducting layer F, depending on
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the radiation frequency, obtained by numerical integration
of equations (1), (2 ) in the case of w >v. Also,
the absorption curve n as a function of frequency is
shown Fig. 2,a. Absorption was calculated by us using
the following formula [10]:

2 2
nw) = 2 JE@dz )
w*+v CEj
The integral in (8) is taken around the region of the
conducting layer.

As can be seen, the effective tunneling of an electro-
magnetic wave into the resonator at certain frequencies is
accompanied by a significant penetration of the field into the
conducting layer at the same frequencies, which leads to an
increase in the fraction of absorbed energy. In this case, the
presence of the squared frequency in the denominator (8)
leads to the fact that the maximum absorption is observed
at the minimum value of the resonant frequency. The
position of resonant frequencies can be determined from

the condition:
7IC

ay/eo
where a is thickness of the dielectric layer (undoped GaAs),
n is resonance number. Under the conditions under con-
sideration, such structure provides absorption on the order
of 80—90% of the incident radiation energy at frequencies
determined by expression (9). Later, it was condition (9)
that underlay the choice of the thickness of dielectric layers
for analyzing the passage of an electromagnetic wave in the
V< o<Lwpand w < v L wp .
Qualitatively different field structure in the system arises
in the low-frequency case w < v < wp. If we put the
penetration depth, determined in this case by the expression

wn &~

n, ©)

6~ wip %’, on the order of the thickness of the conducting

layer, the penetration of the field into the conductive and
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Figure 3. Spatial distribution of electric field strength. Structure parameters: (a) dielectric layer thickness a = 9.5 um, conductive layer
thickness b = 1 um, plasma frequency wp = 3 - 10™ s, transport frequency in GaAs v = 3.09 - 10"s~; (b) a = 2800 um, b = 1 um,

wp=7.6-10%s"1 v =3.09-102s"".

non-conductive regions of the structure turns out to be
insignificant, due to which the signal absorption will also
be negligible. Therefore, below we consider the case
when the skin depth § is much larger than the thickness
of the conducting layer. For such situation, Fig. 2,b
shows the filling factors for the dielectric layer F; and
for the conducting layer F,, as well as the absorption
curve n. It can be seen that in this case, the effective
penetration of the electric field into the dielectric resonator
is not accompanied by an increase in the field strength
inside the conducting layer (Fig. 2,b). On the contrary,
at frequencies corresponding to the frequencies of the
resonator eigenmodes, absorption minima are observed.

To explain the difference between the resonance curves
in the low- and high-frequency cases, let us consider the
spatial distribution of the modulus of the electric field
strength in the structure under study (Fig. 3). In the
high-frequency case, when the field frequency coincides
with the frequency of one of the resonator modes (the
graph is plotted for the field frequency coinciding with
the frequency of the first mode), the field penetrates well
into the dielectric layer, which is accompanied by effective
absorption in the conducting layer. The dashed curve on
the graph shows the field distribution in the case when
a material with € =1 is taken as a dielectric under the
conducting layer. The frequencies for both fields presented
on the graph are the same, but in the case of the dashed
curve, this frequency is resonant already. It can be seen
that, in the absence of nonresonance, the penetration of the
field into the conducting region is much smaller.

Figure 3, b shows the spatial distribution of the modulus
of the electric field strength for the w < v < wp case.
In the resonant case, the field also effectively fills the
resonator. In this case, the field distribution is same that
if exactly half the wavelength fits across the dielectric
width, a node is formed in the conductive layer, and

since the conductive layer is thin enough (compared to the
wavelength), absorption for resonant frequencies is minimal.
As before, the dashed line on the graph represents the field
distribution in the case when there is a dielectric with ¢ = 1
under the conducting layer. In this case, the field fills the
resonator worse, but penetrates better into the conducting
layer. Thus, in the low-frequency case, the introduction of
dielectric behind the conductive layer reduces the absorption
of field energy for a set of resonant frequencies.

Further, we consider the features of propagation and
absorption of electromagnetic waves in heterostructures
consisting of a sequence of five conducting and dielectric
layers.

Figure 4,a shows the filling factors! dielectric, F; , and
conductive, F,, layers for IR radiation (v < w < wp), as
well as the share of energy absorption in the totality of
conductive layers. It can be seen that in this case, with
an increase in the number of layers, a band structure of
field modes (photonic crystal) is formed, similar to how
allowed energy bands are formed in solid state. In this
case, the position of the allowed zones is determined by
the width of the dielectric layer and the value of the
permittivity (9), and their width — by the connection
between adjacent dielectric layers, i.e., the probability ,,of
tunneling“ of the field through the separating dielectric
layers ,potential barrier (conductive layer). The value
of this bond can be controlled by changing the width of
the doped layers or the degree of doping [10,11]. With
an increase in the frequency of the acting radiation, the
coupling between the layers increases, which leads to more
efficient ,tunneling” of the field into the structure and an
increase in absorption.

In the opposite case (w < v < wp), numerical simu-
lation showed that with an increase in the number of

!'In this case, the filling factor (6) includes the maximum field value in
the set of dielectric (conductive) layers.
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Figure 4. Absorption 1 and filling factors F; » depending on the frequency of the incident radiation. Structure parameters: (a) dielectric
layer thickness a = 9.5um, conductive layer thickness b = 1 um, plasma frequency wp = 3 - 105!, transport frequency in GaAs
v =3.09-10"%s7%; (h) a =2800um, b = 1um, wp = 7.6 - 102 s, v = 3.09 - 10" s™1. The case of five conducting layers is considered.
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Figure 5. Spatial distribution of electric field strength. Structure parameters: (a) dielectric layer thickness a = 9.5 um, conductive layer
thickness b = 1 um, plasma frequency wp = 3 - 10" s, transport frequency in GaAs v = 3.09 - 10'?s™'; (b) a = 2800 um, b = 1 um,

wp=7.6-10%s"1 v =3.09-102s"1.

dielectric layers, no band structure of field modes is formed.
Instead, narrow levels appear, corresponding to the passage
of the wave at resonant frequencies. Absorption minima are
observed at the same frequencies (Fig. 4, ), moreover the
spectral width of the levels decreases with an increase in
the number of layers.

An illustration of the formation of absorption- and
transmission-zones in the low- and high-frequency cases are
the spatial distributions of the electric field strength for both
cases (Fig. 5,4, b). Comparative analysis of the two graphs
shows that both in the high-frequency case (Fig. 5,a) and in
the low-frequency case, w < v < wp (Fig. 5,b), at certain
frequencies, the field penetrates into the heterostructure and
fills the sequence of dielectric resonators. However, in this
case, the field inside the conductive layers turns out to be
significantly different: in the case shown in Fig. 4, a, filling

Optics and Spectroscopy, 2022, Vol. 130, No. 4

the dielectric resonators with the field is accompanied by
increase in absorption in the conductive layers (see solid
curve) . On the contrary, in the case shown in Fig. 4,5,
for frequencies coinciding with the resonator eigenmodes,
the field practically does not penetrate into the conducting
layers, and it is at these resonant frequencies that the minima
of the dependence of the absorbed energy on radiation
frequencies.

Conclusion

Thus, it is shown that the nature of propagation and
absorption of electromagnetic waves in heterostructures
based on a sequence of conducting and dielectric layers
differs greatly for two regimes determined by the ratio of the
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field frequency and the transport frequency of scattering of
charge carriers in conducting layers: v < o (high frequency
mode) and v > w (low frequency mode). It is shown that
an increase in the fraction of absorbed energy of an incident
wave when its frequency coincides with the frequency of
one of the modes of the dielectric resonator (or when it
enters the allowed band in the case of a structure consisting
of a sequence of several dielectric and conducting layers)
occurs only when the frequency of the incident radiation
is greater than transport frequency of carrier scattering in
conducting layers. For the v > @ case, on the contrary,
the absorption minimum at frequencies of electromagnetic
waves corresponding to their resonant passage is observed.
Increase in the number of layers in such a heterostructure
leads to a narrowing of the resonant signal transmission
bands. From the point of view of practical applications,
the use of such structures for the purpose of increasing the
efficiency of bolometric detection is possible in the high-
frequency mode. The low frequency mode implies the use
of such heterostructures as a radiation filter, which may be
relevant for a number of integrated photonics devices [14—
16).
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